1. Introduction {#sec1-materials-12-00120}
===============

For many years, steel has been the basic construction material used in almost all industrial sectors. Welded, bolted (also using preloaded bolts), or riveted connections have been very popular and often used in civil engineering structures. Their effectiveness is confirmed by a number of studies and analyses, including numerical simulations \[[@B1-materials-12-00120],[@B2-materials-12-00120],[@B3-materials-12-00120]\]. Unfortunately, each of these joint types introduces notches in the form of zones with different mechanical properties (welded joints) or openings interrupting material continuity (bolts). For structures subjected to static loads, such notches are relatively easy to consider in the assessment of load-bearing capacity and changes in stiffness. A much worse situation is in the case of components and structures subjected to dynamic or cyclic loads \[[@B4-materials-12-00120],[@B5-materials-12-00120]\].

To reduce or completely eliminate problems related to the use of mechanical connections, adhesive joints constitute a good alternative \[[@B6-materials-12-00120]\]. The idea of using adhesives for steel joints is not new. There have been many theoretical analyses, which describe the mechanism of coupling and failure modes of adhesively joined elements \[[@B7-materials-12-00120],[@B8-materials-12-00120],[@B9-materials-12-00120]\]. The extensive experience in gluing structures used in aviation and automotive industries are well known, but in the case of engineering structures (e.g., machine or construction industry), so far, the attempts to use adhesives are extremely rare. The mechanical joints (especially welded joints) are still prevailing, while adhesive joints have become popular, mainly in the case of the strengthening of steel structures.

Typical strengthening of steel components, in civil engineering structures where static or quasi-static loads dominate, is made using FRP (fibre reinforced polymer) materials, which are used as an additional reinforcement applied on the epoxy resin adhesives dedicated to specific manufacturer-specific systems \[[@B10-materials-12-00120],[@B11-materials-12-00120]\]. These adhesives feature high tensile and shear strengths, but show very low flexibility. Their application together with FRP strengthening on stiff elements (reinforced concrete beams, stiff steel beams, or columns) is justified and effective \[[@B12-materials-12-00120]\], because joined components have low elongation limits, and, thus, they tolerate the use of adhesives with low deformability. The same situation (with positive results) applies to the use of an epoxy to strengthen a thin metal profile on a relatively short length, where the deformability of the adhesive is of lesser importance \[[@B13-materials-12-00120]\].

The situation is completely different for steel-to-steel (or generally metal-to-metal) joints made by thin or flexible elements (thin steel beams, cold-formed profiles, and metal sheets), which are connected on a relatively long length or when a load acts not statically, but cyclically or dynamically. In such connections, the basic parameter is the deformability (or rigidity) of the adhesive \[[@B14-materials-12-00120]\]. It must be high enough to ensure a proper adhesive effort, level over the entire bonding length (involving the entire bond length to cooperate in transferring stresses \[[@B15-materials-12-00120]\]). This, by definition, eliminates stiff epoxy adhesives (typical for the construction industry), whose application leads to the stress concentration and brittle failure of the joint within a relatively short section \[[@B16-materials-12-00120]\]. At the same time, too high a deformability of the adhesive results in excessive mutual displacement (slip) between joined components. The ideal solution is a high-strength adhesive with simultaneous deformability, which guarantees durable and safe connection of steel components, while maintaining the required flexibility, without excessive movement \[[@B17-materials-12-00120]\]. Therefore, proper selection of an adhesive is a key issue, both with steel-to-steel \[[@B18-materials-12-00120],[@B19-materials-12-00120]\] and steel-to-FRP connections \[[@B20-materials-12-00120]\]. Another solution, which allows the ensuring of an effective connection, is the usage of mixed joints that combine traditional methods and gluing \[[@B21-materials-12-00120],[@B22-materials-12-00120]\].

Among adhesives that combine these two features (high-strength and appropriate deformability), a group of methacrylate adhesives (MA) was selected \[[@B20-materials-12-00120]\]. After performing the preliminary tests, one of them was finally selected as an appropriate one for further testing \[[@B19-materials-12-00120]\].

The selected adhesive was tested on typical overlap connections made of high-strength steel subjected to static (the presented paper) and cyclic (will be presented in a separated paper) loading. The main aim of the presented work is the experimental confirmation of the possibility of effective use of commercially available methacrylate adhesive in a typical engineering application, i.e., to form a structural connection of elements made of high-strength steel. Studies of three anchorage lengths facilitated the selection of the appropriate bonding length (for the high-strength steel and specimen dimensions used) that ensured the load-bearing capacity of the adhesive joint was higher than the capacity of a single steel component. Two failure mechanisms were distinguished related to the behavior of the specimens, which depends on the anchorage length. The additional aim of the experimental study was to obtain results for further validation of an analytical and numerical model. The necessary adhesive parameters required in these analyses were tested independently.

2. Methodology of Laboratory Tests {#sec2-materials-12-00120}
==================================

2.1. Test Specimens {#sec2dot1-materials-12-00120}
-------------------

Double-lap type specimens were used in the experimental investigation. Three types of specimens were subjected to static tension. All specimens consisted of two steel plates (made of raw steel considered as basic plates bonded adhesively by two raw steel plates, referred to as overlaps. The dimensions of the basic plates were 90 × 6 × 550 mm, while the cross-section of the overlaps was 50 × 6 mm with various lengths of 650, 550, and 450 mm, which resulted in three anchorage lengths of 400, 300, and 200 mm. The steel surface was prepared before glueing by mechanical pre-conditioning and degreased.

The overlaps were glued to the surface of the basic plates using a methacrylate adhesive (ITW Plexus Structural Adhesives, Rushden, UK). The selection of the glue was described in \[[@B19-materials-12-00120]\]. It was vitally important to ensure a constant thickness of the adhesive of 1.2 mm along the whole anchorage length. This was obtained using steel balls with a diameter of 1.2 mm, which were placed at several points along the length of the adhesive layer.

The specimens marked as P1 (part one) were made using adhesive right after purchase. The glue used in specimens marked as P2 (part two), before application, was stored in the laboratory (in room temperature) for one year.

The test specimens were provided with the following note: S---static test, DL---double-lap specimen, MA---methacrylate adhesive, RS---raw steel, anchorage length---i---the order of the test in a given group, P1 (or P2)---part of the adhesive. [Table 1](#materials-12-00120-t001){ref-type="table"} summarizes all tested specimens.

The general geometry of the specimens was similar to those given in the ASTM D3528-96 recommendation \[[@B23-materials-12-00120]\], but the overall size of the components was larger, so their proportions were different---which results from the requirements set by the cooperating research company (see: Acknowledgments). The reason for choosing such large elements was the recognition of the problem of adhesive lap joints in actual structures (with the dimensions close to the real steel element) and an analysis of an effective anchorage length in key elements, i.e., taken from the structural engineering.

[Figure 1](#materials-12-00120-f001){ref-type="fig"} presents the view of the specimens and [Figure 2](#materials-12-00120-f002){ref-type="fig"} shows the detailed dimensions of the elements with an anchorage length of 400 mm and 200 mm (bottom specimen).

2.2. Material Properties {#sec2dot2-materials-12-00120}
------------------------

The steel specimens were tested according to the EN ISO 6892:1-2016 recommendation \[[@B24-materials-12-00120]\]. The primary mechanical properties of the steel are summarized in [Table 2](#materials-12-00120-t002){ref-type="table"}.

The basic parameters of the methacrylate adhesive were adopted from the technical data sheet \[[@B25-materials-12-00120]\] and its details were taken from laboratory tests conducted by a parallel research group and presented in \[[@B26-materials-12-00120]\]. The most important parameters of the adhesive are summarized in [Table 3](#materials-12-00120-t003){ref-type="table"}. Other important material parameters were not considered in this study, but are already tested according to the recommendation given in the literature \[[@B27-materials-12-00120]\].

A great difference between the results provided by the manufacturer of the adhesive and the results of the studies was clear. This concerns, in particular, were the strain parameters of the adhesive, i.e., Young's modulus and limit elongation at failure. These differences probably stem from the methodology of testing (various standards and type of test samples), however, such large quantities, mainly regarding the deformability of the adhesive, had to be fully verified---which has been done by a parallel research group.

Additionally, a standard pull-off test \[[@B28-materials-12-00120]\] was conducted in order to determine the bond strength of the MA adhesive to raw steel. The pull-off test on an aluminum disc was performed using a universal testing machine type MTS 810 (MTS Systems Corporation, Eden Prairie, MN, USA) because the range of a typical Dyna tester was insufficient to cause model failure. The pull-off force for a 50 mm diameter disc in three consecutive tests was 27.1, 30.1, and 25.8 kN, which corresponded to the bond strength of 13.8, 15.3 and 13.1 MPa, respectively. All the samples demonstrated an identical (adhesive) mode of failure; 60% of the failure surface involved separation of the adhesive from the steel surface, and 40% from the test disc.

2.3. Loading and Measurement System {#sec2dot3-materials-12-00120}
-----------------------------------

In static series, the elements were subjected to axial tension applied by the universal testing machine type MTS 810 (MTS System Corporation, Eden Prairie, MN, USA) with the maximum force of 1000 kN. All specimens were loaded in one cycle, up to a failure, with a steady increase in the displacement of 1.27 mm/min (0.05 inch/min). The loading mode was adopted from the ASTM D3528-96 recommendation \[[@B24-materials-12-00120]\].

The traditional measuring equipment was used in all specimens. The following values were measured:Tensile force at the yielding point and its maximum value; the yielding point was estimated based on the behaviour of the whole speciemen;Total elongation of the specimen during loading. Note that specimen elongation included deformation of all steel elements and the adhesive; andStrain at selected points located on the overlap and base plate surfaces.

Strain measurement was performed using foil strain gauges type 1-LY-11-6/120A (HBM, Darmstadt, Germany). The strain gauges were installed at intervals of 20 mm along the overlap (in specimens with 300 and 200 mm anchorage lengths). The location of the strain gauges in the specimens with the 400 mm anchorage length is shown in [Figure 3](#materials-12-00120-f003){ref-type="fig"}, which shows the attenuation of the measuring points at the end of the overlap.

In the specimens, S/DL/MA/RS-200-4/P2 and S/DL/MA/RS-400-4/P2, additional optical measurements were performed during the tests. They were performed on the whole surface of the specimen (on one side), so they involved one of the overlaps and both basic plates.

Optical measurements have been carried out using the CivEng Vision System developed by one of the authors at the Cracow University of Technology \[[@B29-materials-12-00120],[@B30-materials-12-00120]\]. Digital images were processed by the original software and the results were obtained based on the digital image correlation method.

The DIC (digital image correlation) method is based on the correlation of the digital images obtained during the test, which are treated as a two-dimensional matrix consisting of pixels. Each pair of the pictures taken, respectively, before and after partial deformation are correlated and the points of the grid based on the specified image subsets ([Figure 4](#materials-12-00120-f004){ref-type="fig"}) are matched and identified as that associated to the highest value of the correlation coefficient, which is calculated between the reference subset, *f*, and the target subset, *g*, whose dimensions are equal and are M × N pixels using the zero mean normalized cross correlation method, as described by the formula below:$$CC^{ZMN} = \frac{\sum_{i = 1}^{M}\sum_{j = 1}^{N}\left( {\left( {f\left( {i,j} \right) - \mu_{f}} \right) \times \left( {g\left( {i,j} \right) - \mu_{g}} \right)} \right)}{\sqrt{\sum_{i = 1}^{M}\sum_{j = 1}^{N}\left( {f\left( {i.j} \right) - \mu_{f}} \right)^{2}} \times \sqrt{\sum_{i = 1}^{M}\sum_{j = 1}^{N}\left( {g\left( {i,j} \right) - \mu_{g}} \right)^{2}}}$$ where *μ~f~* means the intensity (luminosity) of the reference subset and *μ~g~* means the intensity (luminosity) of the target subset.

Displacements of the image subsets obtained using DIC were originally computed in pixels and then converted into millimeters. To achieve this, the transition factor was used, calculated earlier using calibration patterns. Strain field was calculated from displacements measured at points of interest (grid points visible in [Figure 4](#materials-12-00120-f004){ref-type="fig"}a). First, the region described by the convex hull of points of interest was triangulated. Using bilinear functions, the interpolation of displacement was constructed on resulting mesh. To obtain the strain values, derivatives in both the x and y direction were computed, and the strain components were as following \[du_x/dx, du_y/dy, (du_y/dx + du_x/dy)\].

[Figure 4](#materials-12-00120-f004){ref-type="fig"}b,c present the arrangement of the virtual points, served as optical strain gauges, according to which the strains were calculated. The distances between those points were 18 mm ([Figure 4](#materials-12-00120-f004){ref-type="fig"}b) and 9 mm ([Figure 4](#materials-12-00120-f004){ref-type="fig"}c), depending on the measurement accuracy adopted.

3. Behaviour of the Specimen and Significant Values {#sec3-materials-12-00120}
===================================================

Two types of specimen behaviour were noted depending on the anchorage length. The first one, with a distinctive yield phase, where displacement increased rapidly at an almost-constant force, was noted for specimens with the anchorage length of 300 mm and 400 mm. This phenomenon is presented in [Figure 5](#materials-12-00120-f005){ref-type="fig"} as the relationship between the measured force and relative sample elongation calculated as a product of the elongation of the whole specimen and the initial grip spacing, which was 930 mm in all tested specimens. The sharp drops in the graphs (in the last phase) result from the specifics of the testing machine. Immediately after the failure of the specimen, the machine was switched off, but as previously noted, there was a small increase in jaw spacing with a sudden decrease in the force.

For specimens of the S/DL/MA/RS-400 series, the following values were considered significant: The force at which the sample yielded with relevant stress values in the narrowest point of the sample (the lowest cross-sectional area of the basic plate) and the maximum tensile force with relevant stress values in the basic plate recorded during the test. The values are presented in [Table 4](#materials-12-00120-t004){ref-type="table"}. The values of the tensile stress (determined) measured upon the yield of the whole specimen was compared to the actual proportionality limit for steel (determined in material tests, see [Table 1](#materials-12-00120-t001){ref-type="table"}). As a consequence, plastic deformations occurred in the steel elements, which was confirmed by average permanent elongation values of the steel elements measured after the tests reaching 27 to 35 mm. Note that the steel used exhibited linear-elastic behaviour up to the stress of 750 MPa, which corresponds to a 405 kN force. At this point, a clear increase in sample length was recorded. The behavior of the components (yielding of the steel) indicates a "metal failure" (according to ASTM \[[@B23-materials-12-00120]\]), however, due to the specimen geometry adopted, the flat bar was not broken. Yielding of the basic plate led to a rapid increase in deformations of the adhesive layer, and resulted in its failure, which was a secondary effect. The initiation of the adhesive failure has been forced here, because the yielded section of the basic plate covered a part of the adhesive layer. With a high probability, it can be assumed that if the yielded section of steel were outside the adhesive joint (i.e., the length of the basic plate between the jaws of the testing machine and the edge of the overlap was significant longer---as recommended by the standard \[[@B23-materials-12-00120]\]), there would be no failure of the adhesive.

The elongation of the whole specimen was caused both by the yield in the steel elements and deformation in the adhesive layer that facilitated displacement of the overlaps in relation to the basic plates. The excessive deformation of the steel elements is undesirable for the user, because of the nature of their application (construction of the precise machines or structures). Therefore, the joint bearing capacity was considered the yield force (F~y~,~400~) of the specimen.

A particular variability of adhesive parameters related probably to its age was noted here. The second tested model (S/DL/MA/RS-400-4/P2) demonstrated a slightly greater deformability than the models bonded in the first series. This is indicated by the sample elongation upon yield ([Table 4](#materials-12-00120-t004){ref-type="table"}) and greater slope of the *F-ε* plot for model S/DL/MA/RS-400/P2. This fact does not, however, affect the recorded characteristic values (the yield and maximum tensile force) or the total elongation of the sample at failure ([Table 4](#materials-12-00120-t004){ref-type="table"}). In the case of the first series, the adhesive was applied right after purchase. Models in the second series were made using the same portion of the adhesive, which was stored for about one year at room temperature, which could affect its parameters.

A slightly lower yield force, maximum tensile force, and a smaller failure elongation of the specimen were measured for model S/DL/MA/RS-300 with the anchorage length of 300 mm than in specimens with the anchorage length of 400 mm. The load-bearing capacity of the element (which is its yield force) was only 3% lower than the average load-bearing capacity of models, where the anchorage length was 400 mm.

The behaviour of the elements in both cases was correct. It demonstrated that the load-bearing capacity of the adhesive was higher than the load-bearing capacity (here, it was identical to the force necessary to cause yield in the steel cross-section) of the weaker of the two bonded elements.

The other type of behaviour of the specimens was noted for the anchorage length of 200 mm. All the samples exhibited elastic behaviour until failure, which is shown in [Figure 6](#materials-12-00120-f006){ref-type="fig"}, presenting the relationship between the force and average elongation of the specimen (calculated in relation to the initial grip spacing). No plastic deformation of the steel elements or the adhesive was recorded. The failure was sudden and violent, in the form of adhesive failure, i.e., debonding of the adhesive from the steel surface. The following values were considered reliable values for specimens, S/DL/MA/RS-200: The maximum tensile force (and relevant tensile stress values for the basic plate), considered the joint load-bearing capacity in the study, and the ultimate elongation for this force. The values are presented in [Table 5](#materials-12-00120-t005){ref-type="table"}. It is clear that the 200 mm anchorage length is insufficient to ensure the full load-bearing capacity of the joint resulting from exceeding the capacity of the bonded elements, which here resulted from the yield of the steel. The load-bearing capacity of elements with 200 mm overlap anchorage was about 20% lower than for models with a 400 mm length. Thus, the described nature of failure directly corresponds to the "adhesive failure", according to ref. \[[@B23-materials-12-00120]\].

It should be noted here that the investigated samples were made of high-strength steel. In the case of plates made of typical structural steel, S235 or S355, a 200 mm anchorage would be enough to cause yield in the basic plate if geometric parameters were maintained (the estimated yield force was 195 kN and 275 kN, respectively).

This group of models also demonstrated a slight variability of parameters of the adhesive in the second series specimen (signed as P2), involving a slight increase in its deformability. It is clearly visible on the force-relative elongation graph ([Figure 6](#materials-12-00120-f006){ref-type="fig"}) and the measured elongation at the break of sample S/DL/MA/RS-200-4/P2.

4. Mode of Failure {#sec4-materials-12-00120}
==================

Two issues related to the failure of the elements are discussed. The first one concerns the final failure pattern of the specimens. The second one describes a detailed mechanism of the failure (nature of failure in terms of the standard \[[@B23-materials-12-00120]\]), which depends on the anchorage length used.

In all groups of elements, the final failure pattern was very similar---the connection between the basic steel plate and the adhesive layer was broken. The places of debonding of the adhesive from the flat bar are visible in [Figure 7](#materials-12-00120-f007){ref-type="fig"}a,b. In elements with the anchor of 400 mm, the debonding was initiated at the end of the overlap where the basic element yielded ([Figure 7](#materials-12-00120-f007){ref-type="fig"}a). In specimens with the anchorage length of 200 mm, the debonding of the adhesives was initiated in the middle of the model where the basic element ended ([Figure 7](#materials-12-00120-f007){ref-type="fig"}b). The debonding of the adhesive was noted in all the cases between the surface of the steel and the adhesive. The dominant failure surface was the interface between the adhesive and the substrate element as 70% to 90% of the adhesive remained on the overlaps. This was the case for all types of elements. The images of the adhesive layer surface left on the substrate flat after the failure is shown in [Figure 8](#materials-12-00120-f008){ref-type="fig"} where picture (a) shows an S/DL/MA/RS-400/P1-group sample and picture (b), sample S/DL/MA/RS-200-4/P2. The difference in adhesive color results from the specimens' storage conditions after the test.

In contrast to the final failure pattern, two different natures of failure identified in the specimens clearly differentiated by the fact of reaching the yielding point of steel, or not, of the basic plate. On the basis of the standard \[[@B23-materials-12-00120]\] in the specimens in which the yielding of the steel occurred (specimens with 300 and 400 mm anchorage lengths), the "metal failure" was determined. The failure of the adhesive observed after the yielding of the steel was a secondary here, which results directly from the geometry of the specimen. In the sample recommended in \[[@B23-materials-12-00120]\], the section of the basic plate between the jaws of the testing machine and the edge of the overlap had a length of 63.5 mm and a width of 25.4mm, hence the ratio was 2.5:1. In the specimen tested, this proportion was 0.55:1, which makes it impossible to completely plasticize the flat bar on its free section, outside the overlap. In specimens with a 200 mm anchoring length, the debonding between the adhesive and steel plate occurred, which qualifies the nature of failure as the "adhesive failure".

This results in a different way of reaching the limit parameters of the glue, exceeding that which caused the failure of the joint. The failure mechanism for models, S/DL/MA/RS-400-4/P2 and S/DL/MA/RS-200-4/P2, is clearly visible on longitudinal strain maps developed thanks to optical measurements. Relevant strain maps are shown in [Figure 9](#materials-12-00120-f009){ref-type="fig"} and [Figure 10](#materials-12-00120-f010){ref-type="fig"}. The maps are shown for selected loads (taken from the testing machine) and the corresponding total elongation of the specimen measured in the testing machine. The color changing (from blue to the red) means a gradual increase in the local longitudinal strain.

[Figure 9](#materials-12-00120-f009){ref-type="fig"} shows the longitudinal strain distribution in the steel overlap at the anchorage length of 400 mm during the yield phase and at the ultimate failure. The parts of images with the basic plates were blanked to improve clarity. It is clearly visible that up to the force of 440 kN, the strain was increasing in the central zone of the element to reach around 0.7%. Above this force value, which is virtually in the failure phase, the strain in the lower end of the overlap started to grow, which was described in point 3 as an effect of the yield in the basic plate in this zone. After the maximum force was reached, the whole specimen yielded (cf.: Graph in [Figure 5](#materials-12-00120-f005){ref-type="fig"}) and the end of the overlap reached high strain values (ca., 1.2 %) comparable to those in the central zone. This demonstrated that the adhesive joint retained its full load-bearing capacity even in this phase as it was able to transfer such large strains from the basic plate to the end of the overlap.

Detailed recognition of the failure mode of the specimens was possible only through the use of optical measurements. The tensometric measurement, due to the limited number of sensors and their localization, was not able to record it.

[Figure 10](#materials-12-00120-f010){ref-type="fig"} presents a specimen with the anchorage length of 200 mm. Successive longitudinal deformation maps show a failure initiated in the central zone of the element (compared with [Figure 7](#materials-12-00120-f007){ref-type="fig"}b). This is compatible with the behaviour of specimens with 400 mm of anchorage length before the yield of the basic plate, which did not occur in samples with the anchorage length of 200 mm. The strain reached at failure amounted to ca. 0.5%, which is equal to the strain value recorded in specimens with an anchorage length of 400 mm ([Figure 9](#materials-12-00120-f009){ref-type="fig"}) just before the yield phase (force value of 400 kN).

[Figure 11](#materials-12-00120-f011){ref-type="fig"} shows coherent strain maps of overlaps and basic plates at failure. The X-direction means strain transversal to the force (horizontal in the figure) and the Y direction is the strain consistent with the force vector direction (along the element). In the case of the specimen with the anchorage length of 400 mm, a strong necking of the basic plate is clearly visible near the grips of the testing machine, indicating a yield of this element. In the 200 mm-anchorage specimen, the values are one order lower, which means the steel exhibited elastic behaviour. In both cases, there are visible very strong strains in adhesive bands at the front of the overlaps, which locally exceed 100% in the very loaded sample, S/DL/MA/RS-400-4/P2. The above-mentioned observations are consistent with the sample failure scheme described above.

Generally, the presented maps indicate that in a given material (high-strength steel) and geometric condition, the anchorage length of 200 mm is insufficient to create an effective joint (the adhesive layer failed), and 400 mm provides the capacity of adhesive layer greater that the capacity of jointed elements. From a single test of a specimen with a 300 mm anchorage length, it could be noted that under the tested conditions, this bonding length seems to be long enough to make a full load-bearing joint.

5. Development of the Shear Strains {#sec5-materials-12-00120}
===================================

5.1. Comparison of the Tensometrical and Optical Measurements {#sec5dot1-materials-12-00120}
-------------------------------------------------------------

A significant part of the conclusions for the specimen failure mechanism was based on optical measurements of the strain. As was mentioned before, an original method for optical measurements was applied here \[[@B29-materials-12-00120],[@B30-materials-12-00120]\] as described in [Section 2.3](#sec2dot3-materials-12-00120){ref-type="sec"}. The measurements were made for three specimens of the P2 series. The probing frequency, limited by the capability to take and record very high-resolution images, was, in a way, a drawback of the system. It was not an issue in this particular case as the displacement increment was very slow (1.27 mm/min) and a single image was taken at about every 0.02 mm of displacement of the universal testing machine head.

A classic electrical resistance strain gauge method (tensometric method) was used to measure the strain of every specimen (for the description of strain gauges locations, see [Section 2.3](#sec2dot3-materials-12-00120){ref-type="sec"}). Despite all its advantages (including a high reliability of results), this measurement system suffered from a significant disadvantage, which was the limitation of the results caused by a limited number of strain gauges per model (which, in turn, resulted from the limitations of instruments).

As a result of the application of this measuring method, it was possible, on the one hand, to determine the repeatability of the results (based on an analysis of strain measurements) and, on the other hand, to compare results from both types of measurements, thus, in a way, verifying the original optical method. The comparison was performed for the center of the investigated element, i.e., at the locations where the basic plates broke, on overlaps. The results are shown in [Figure 12](#materials-12-00120-f012){ref-type="fig"}.

The green plots show strain gauge results and red plots show the results of virtual optical strain gauges located near the centre of the element. The strain plots from the strain gauges and optical measurements were similar over almost the whole course of the experiment. It was not until the failure phase (clearly outside the range of the Hooke's law) that the optical measurement indicated a slightly larger strain than the strain gauges. Note that the strain gauge and optical measurements were made on the opposite sides of the element (on different overlaps) and, therefore, their results may differ due to the unavoidable axial misalignment of the specimen, which was most apparent during the failure phase.

The accuracy of the optical measurement is comparable with traditional measurement systems, but optical measurement facilitates the generation of strain-stress curves for more points simultaneously without using any additional physical sensors.

5.2. Distribiutions of Strains and Displacements (Slip) {#sec5dot2-materials-12-00120}
-------------------------------------------------------

Due to the comprehensive nature of the optical measurements involving the whole investigated element, further strains resulted from this measuring system. The above-mentioned conformity with the results of typical strain gauge measurements fully substantiates this approach.

[Figure 13](#materials-12-00120-f013){ref-type="fig"} and [Figure 14](#materials-12-00120-f014){ref-type="fig"} show strain graphs over the whole overlap length for specimens, S/DL/MA/RS-400-4/P2 and S/DL/MA/RS-200-4/P2. Small areas of the negative strain values can be seen in the diagrams. In the case of [Figure 14](#materials-12-00120-f014){ref-type="fig"}, in the initial loading phase, these values result from small initial imperfections of the elements. In both graphs ([Figure 13](#materials-12-00120-f013){ref-type="fig"} and [Figure 14](#materials-12-00120-f014){ref-type="fig"}), such values are also visible in the failure phase---this is due to uneven failure of the adhesive layer on both sides of the specimen, and thus from the appearance of the temporary eccentricity of the force, which causes local bending. This is evidenced by the fact of the shift of the negative values zone visible in [Figure 13](#materials-12-00120-f013){ref-type="fig"}, along with the progressive yielding of the overlap (just prior to the failure of the adhesive).

In both cases, there is a rather typical strain distribution observed for smaller loads. The strain reached the maximum value in the middle of the specimen, where the continuity of the basic plate was broken, i.e., where the overlaps do not work with the base. Next, the strain gradually decreased over the length of the overlaps to reach the lowest value near where the overlap ended. In the case of the element with the effective anchorage length (400 mm), this changed rapidly directly before the failure phase when a rapid increase in strain took place near an end of the overlap (cf. [Figure 9](#materials-12-00120-f009){ref-type="fig"}). This seems illogical, but can be easily explained by the yield of the basic element. A rapid increase in the strain in the base caused the observed increase in the strain in the ends of the overlap. This confirmed a huge ability of the adhesive to transfer high deformation of the basic steel element into the overlap. The final failure occurred when the strain exceeded the shear deformability (strength) of the 1.2 mm thick layer of adhesive. It is clearly visible in [Figure 15](#materials-12-00120-f015){ref-type="fig"}a, which shows the behavior of the basic plate at selected load levels. As was mentioned above, the adhesive failed as a result of the enforced significant deformations, which was shown in the slip values calculated as a mutual dislocation between the overlap and basic plate---[Figure 15](#materials-12-00120-f015){ref-type="fig"}b. Within the interval of the elastic steel strain, up to 400 kN of load, the mutual displacements over the length of the joint did not exceed 0.5 mm and were the greatest in the central part of the element. They grew rapidly at larger loads, in particular near the end of the overlap. All this builds a coherent image of a failure for the 400 mm anchorage length specimen in which the adhesive ensures full load-bearing capacity of the joint over the whole interval of elastic behaviour of steel elements (at low strains). Then, together with the yielding of the basic steel, the adhesive layer exhibited a plastic behaviour, which allowed the transfer of significant deformation ([Figure 15](#materials-12-00120-f015){ref-type="fig"}b). Finally, the further increase in deformation led to the sudden failure of the adhesive, in which the ultimate shear strain was exceeded. No progressive failure of the adhesive was observed. The described behavior is clearly visible on the relevant strain maps (cf. [Figure 9](#materials-12-00120-f009){ref-type="fig"}).

In the case of the 200 mm overlap, the failure took place in the elastic phase at the steel so the above-mentioned change in the strain system did not happen. Thus, the direct cause of the failure was the fact that the load-bearing capacity of the adhesive joint was exceeded, which indicates that its length was insufficient (for the specific geometry and steel grade). In this case, a quasi-brittle failure occurred, which is clear from the violent course at a relatively low (below 0.5 mm) displacement of overlaps in relation to the basic plate ([Figure 16](#materials-12-00120-f016){ref-type="fig"}a,b). It was confirmed in the optical measurement results (cf. [Figure 10](#materials-12-00120-f010){ref-type="fig"}).

Note that the strain values in both elements were comparable at the same load level.

6. Conclusions {#sec6-materials-12-00120}
==============

Adhesive joints are not very popular in the construction industry today. They usually are second to other fastening methods or are used to strengthen the structure. A typical solution is to glue FRP laminates to steel structural components. This approach makes use of epoxy adhesives dedicated to specific joint systems. The drawback is high stiffness, which causes stress concentration at the ends of the joined elements and brittle failure of the joint. It is, however, justified insofar as the laminate matrix is also an epoxy resin, the parameters of which are comparable to the adhesive.

In steel-to-steel joints, the epoxy resin is too stiff and brittle, which does not ensure full use of the capacity of the joined elements. In such a case, the selection of the appropriate adhesive becomes the key issue. This problem was previously considered, first on the basis of a literature analysis and then in preliminary comparative tests \[[@B19-materials-12-00120]\] that included a group of methacrylate adhesives, available on the Polish market. As a result, the one with the best projected features was presented in this study.

The present study experimentally confirmed the appropriateness of the use of a methacrylate adhesive in steel-to-steel joints made of high-strength steel and subjected to static loads. The tests were carried out on elements with dimensions comparable to actual construction elements to minimalize size-effect influences. This is important because a number of tests available in the literature were performed on very small samples, which may cause overestimation of the capacity.

The main conclusions derived from the analysis are:The bonding length, ranging between 300 mm and 400 mm, and the adhesive layer thickness of 1.2 mm provide the capacity of the adhesive joint to be higher than the capacity of a single steel component;The specimen behavior depended on the anchorage lengths and resulted in quasi-brittle behavior of the models in the case of 200 mm anchorage, and ductile behaviour, when the anchorage length exceeded 300 mm;The nature of failure, according to the standard \[[@B23-materials-12-00120]\], is strongly related to the anchorage length; in specimens with a 200 mm anchorage length, the adhesive failure was observed, while in specimens with 300 and 400 mm anchorage lengths, the metal failure (steel yielding) occurred and the failure of the adhesive (debonding) was a secondary effect;The longitudinal deformability of the adhesive was relatively high, as evidenced by the possibility of transferring the deformation from the yielded base steel plate to the overlap.

At present, further laboratory tests are being carried out to determine the behavior of identical steel-to-steel joints (made with the same methacrylate adhesive) subjected to cyclic loads in fatigue tests. The results will be presented in the next paper. At the same time, the parallel research group is carrying out in-depth material tests of the methacrylate adhesive used (according to different standards), including analyses to help predict the aging of the adhesive in a joint. The obtained data will be used to create a numerical model. It will be validated using the results of the research presented in this paper and the results of fatigue tests. This effort will result in a numerical and analytical model to predict the behavior of various types of structural joints where the tested adhesive is used under various loads and exploitation conditions.
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![(**a**) Specimen prepared (painted) for optic measurement, (**b**) virtual measurement base used to calculate strain, and (**c**) base used to calculate displacement.](materials-12-00120-g004){#materials-12-00120-f004}

![Relationship force---relative elongation of the specimens with the anchor length of 400 mm and 300 mm.](materials-12-00120-g005){#materials-12-00120-f005}

![Relationship force---relative elongation of the specimens with the anchor length of 200 mm.](materials-12-00120-g006){#materials-12-00120-f006}

![Places of the debonding: (**a**) At the end of the overlap (specimens with the anchorage length of 400 mm), (**b**) in the middle of the specimen (specimens with the anchorage length of 200 mm).](materials-12-00120-g007){#materials-12-00120-f007}

![The specimens after failure: Above the element from series S/DL/MA/RS-400/P1 and below the element from series S/DL/MA/RS-200-4/P2.](materials-12-00120-g008){#materials-12-00120-f008}

![Longitudinal strain distribution maps at yielding and failure in S/DL/MA/RS-400-4/P2.](materials-12-00120-g009){#materials-12-00120-f009}

![Longitudinal strain distribution maps at failure in S/DL/MA/RS-200-4/P2 specimen.](materials-12-00120-g010){#materials-12-00120-f010}

![Strain distribution maps at final failure (horizontal direction---X, vertical direction---Y): (**a**) Specimen S/DL/MA/RS-400-4/P2---438kN, (**b**) specimen S/DL/MA/RS-200-4/P2---330kN.](materials-12-00120-g011){#materials-12-00120-f011}

![Comparison between the values measured using strain gauges and optical method.](materials-12-00120-g012){#materials-12-00120-f012}

![The strains determined over the whole overlap length, specimen S/DL/MA/RS-400-4/P2.](materials-12-00120-g013){#materials-12-00120-f013}

![Strains determined over the whole overlap length, specimen S/DL/MA/RS-200-4/P2.](materials-12-00120-g014){#materials-12-00120-f014}

![Specimen S/DL/MA/RS-400-4/P2: (**a**) Strain measured in the basic plate, (**b**) calculated slip between the overlap and basic plate.](materials-12-00120-g015){#materials-12-00120-f015}

![Specimen S/DL/MA/RS-200-4/P2: (**a**) Strain measured in the basic plate, (**b**) calculated slip between the overlap and basic plate.](materials-12-00120-g016){#materials-12-00120-f016}

materials-12-00120-t001_Table 1

###### 

Designation of the specimens.

  Specimen              Number of Specimens Tested   Anchorage Length (mm)   Part of the Adhesive
  --------------------- ---------------------------- ----------------------- ----------------------
  S/DL/MA/RS-200-i/P1   3                            200                     P1
  S/DL/MA/RS-200-i/P2   1                            200                     P2
  S/DL/MA/RS-300-i/P2   1                            300                     P2
  S/DL/MA/RS-400-i/P1   3                            400                     P1
  S/DL/MA/RS-400-i/P2   1                            400                     P2

materials-12-00120-t002_Table 2

###### 

Main steel properties.

  Proportional Limit Stress \[MPa\]   Yield Strength (MPa)   Tensile Strength (MPa)   Ultimate Elongation (%)
  ----------------------------------- ---------------------- ------------------------ -------------------------
  \~750                               791.7                  825.8                    21.5

materials-12-00120-t003_Table 3

###### 

The most important parameters of methacrylate adhesive (MA).

                                                  Speed of Loading (mm/min)   Tensile Strength (MPa)   Shear Strength (MPa)   Modulus of Elasticity (MPa)   Ultimate Elongation (%)   Poission's Ratio
  ----------------------------------------------- --------------------------- ------------------------ ---------------------- ----------------------------- ------------------------- ------------------
  Producer data                                   unknown                     18.6--20.7               \>14                   517--689                      30--50                    0.41
  Data taken from \[[@B26-materials-12-00120]\]   1.0                         14.70                    \-                     1058                          8.35                      0.37
  10.0                                            16.21                       \-                       1131                   6.81                          \-                        

materials-12-00120-t004_Table 4

###### 

Static test results for the specimen with 400 mm and 300 mm anchorage.

  Specimen              Yield Force F~y,400;\ y300~ (kN)   Yield Stress σ~y,400;\ y300~ (MPa)   Elongation at Yielding, ε~y400;\ y300~ (%)   Max. Force F~u,400;\ u,300~ (kN)   Max. Stress σ~u,400;\ u,300~ (Mpa)   Elongation at Failure, ε~y400;\ y300~ (%)
  --------------------- ---------------------------------- ------------------------------------ -------------------------------------------- ---------------------------------- ------------------------------------ -------------------------------------------
  S/DL/MA/RS-400-1/P1   402                                744                                  0.50                                         436                                807                                  3.78
  S/DL/MA/RS-400-2/P1   398                                737                                  0.53                                         432                                800                                  3.73
  S/DL/MA/RS-400-3/P1   409                                757                                  0.52                                         443                                820                                  3.67
  S/DL/MA/RS-400-4/P2   418                                774                                  0.76                                         450                                831                                  3.75
  *Average value:*      *406*                              *752*                                *-*                                          *440*                              *815*                                *3.73*
  S/DL/MA/RS-300-1/P2   393                                728                                  0.69                                         431                                798                                  3.11

materials-12-00120-t005_Table 5

###### 

Static test results for the specimen with 200 mm anchorage.

  Specimen              Max. Force F~u,200~ (kN)   Max. Stress σ~u,200~ (MPa)   Elongation at Max. Force, u~u,200~ (mm)
  --------------------- -------------------------- ---------------------------- -----------------------------------------
  S/DL/MA/RS-200-1/P1   308                        570                          3.5
  S/DL/MA/RS-200-2/P1   325                        602                          3.8
  S/DL/MA/RS-200-3/P1   325                        602                          3.7
  S/DL/MA/RS-200-4/P2   340                        630                          4.3
  *Average value:*      *325*                      *601*                        *-*
